Background and aims-Mucin glycoproteins play a key role in the normal function of the epithelium lining the gastrointestinal tract. The expression of mucin genes, MUC 3, 4, 5AC, 5B, 6, 7, and 8 in human fetal tissues was examined to establish the localisation and age of onset of expression of each mucin gene during human development. Methods-Mucin gene expression was assayed by mRNA in situ hybridisation. Results-Expression of MUC3 was detected in the small intestine and colon from 13 weeks gestation onwards and at low levels in the main pancreatic duct at 13 weeks only. MUC4 expression was seen at a low level in the colonic epithelium from 13 weeks of gestation but not elsewhere in the gastrointestinal tract. MUC5AC mRNA was detected in the colon at 17 weeks and at high levels in the stomach at 23 weeks. MUC6 transcripts were evident in the pancreatic ducts from 13 weeks of gestation and at high levels in the stomach at 23 weeks. MUC5B, MUC7, and MUC8 transcripts were not detected. Conclusions-Mucin genes are expressed from the early mid-trimester of gestation in the developing human fetal gastrointestinal tract. (Gut 1998;42:220-226) Keywords: mucin; developmental expression; gastrointestinal tract Mucins (mucous glycoproteins) play a key role in the gastrointestinal system where their functions include lubrication and protection of epithelia from the oesophagus through to the colon and also in many accessory organs such as the pancreas and gall bladder. Mucins play a significant role in the pathology of many disorders of the digestive system including cancer and cystic fibrosis. There is one common feature of almost all mucin genes, which has come to be considered a motif for mucin, the tandem repeat. Mucin tandem repeats are regions of primary sequence (nucleic acid and amino acid) that contain several tandemly arrayed identical (or highly similar) repeats of shorter sequence elements. Mucin tandem repeat amino acid sequences generally contain a high percentage of serine and threonine residues that are the predominant sites of O-linked glycosylation.
Mucins (mucous glycoproteins) play a key role in the gastrointestinal system where their functions include lubrication and protection of epithelia from the oesophagus through to the colon and also in many accessory organs such as the pancreas and gall bladder. Mucins play a significant role in the pathology of many disorders of the digestive system including cancer and cystic fibrosis. There is one common feature of almost all mucin genes, which has come to be considered a motif for mucin, the tandem repeat. Mucin tandem repeats are regions of primary sequence (nucleic acid and amino acid) that contain several tandemly arrayed identical (or highly similar) repeats of shorter sequence elements. Mucin tandem repeat amino acid sequences generally contain a high percentage of serine and threonine residues that are the predominant sites of O-linked glycosylation.
Nine mucin genes have been identified, MUC 1, 2, 3, 4, 5AC, 5B, 6, 7 , and 8, 1-12 although only MUC 1, 2, and 7 have been fully cloned. Partial sequence, generally from the tandem repeat, is available for the remainder of the genes. MUC1 and MUC7 are not classical gelforming mucins, and furthermore MUC1 is apparently unique in having a transmembrane anchor. MUC2 and MUC5AC are thought to be gel-forming mucins. 13 The precise functions of MUC3, 4, and 6 are unclear. Studies of tissue localisation have been carried out for a number of mucins using antibodies; however, these studies have the limitation that many of the antibodies bind to carbohydrate determinants that are present on diVerent mucin core proteins. Some protein epitopes may also be masked by glycosylation. Hence cell specific localisation of mucin gene expression is most reliably determined by using in situ mRNA hybridization with gene specific oligonucleotides or riboprobes.
We have previously examined the developmental expression of MUC1 and MUC2 mucins in the human gastrointestinal system. 14 By 18 weeks MUC1 mRNA was detected in the colon while MUC2 mRNA was seen by 12 weeks gestation in the jejunum, ileum, and colon. We have now investigated the developmental expression of MUC3, MUC4, MUC5AC, MUC5B, MUC6, MUC7, and MUC8 in human fetal gastrointestinal tract tissues by mRNA in situ hybridisation. MUC3 was expressed at high levels in the small intestine and colon from 13 weeks gestation through to term and in the epithelium of the main pancreatic duct at 13 weeks. MUC4 was expressed at low levels in the colonic epithelium at 13 weeks and at decreasing levels through to term. MUC5AC transcripts were detected in the stomach at high levels by 23 weeks. MUC6 mRNA was expressed at low levels in the small intestine from 13 weeks through to 23 weeks, at high levels in the pancreatic ducts from 13 weeks gestation and also in the stomach by 23 weeks. MUC7 and MUC8 were not expressed in the developing gastrointestinal tract.
Materials and methods
Tissues from mid-trimester terminations were obtained with local ethical committee approval, and age was determined on the basis of foot length. Data presented here are derived from two 13 week fetuses (one male and one female), two 17/18 week fetuses (one male and one female) and one female fetus of 23 weeks gestation. Adult colon and small intestine epithelium was normal tissue adjacent to tumours removed at surgery. Tissues for in situ hybridisation were fixed directly in 4% paraformaldehyde (pH 9.5) overnight at 4°C, embedded and frozen in liquid nitrogen before 10 µm sections were cut. Frozen sections were mounted on to Vectabond treated slides (Vector Laboratories Ltd) and stored desiccated at −20°C until used.
IN SITU HYBRIDISATION
In situ hybridisation was carried out as described previously. 14 The following 74 bp double stranded oligonucleotide probes were used:
MUC3: GACCACATACCACAGTACTC-CCAGCTTCACTTCTTTGATCACCATC-ACTGAGACC ACCTCACACAGTACTC-CCA (bases 140-213; EMBL accession number M55405).
MUC4: CACAAGTCACGCCACCTCT-CTTCTTGTCACCGACGCTTCCTCAGT-ATCCACAGGT GACACCACCCCTCTT-CCTG (bases 111-184; EMBL accession number M64594).
MUC5AC: CCCACGACCAGCACAACC-TCTGCCCCTACAACAAGAACAACTTC-TGCTCCTAAAA GCAGCACAACCTCT-GCCGC (bases 58-131; EMBL accession number Z34278).
MUC5B: GGACGACCTGGATCCTCA-CAGAGCTGACCACAACAGACCACTAC-GACTGCATCC ACTGGATCCACGGCC-ACCCC (bases 221-294; EMBL accession number X74955).
MUC6: GGTCCACACACACAGCCCCAC-CAGTGACGCCGACCACCAGT-GGGACG-AGCCAAG CCGCGAGCTCATTCAGC-ACA (bases 308-381; EMBL accession number L07517).
Figure 1 Expression of MUC3 mRNA in 13 (A-C) and 17 (D and E) week small intestine and 17 week colon (F-H). A, D, and F show brightfield views of sections hybridised with the MUC3 antisense probe, and B, E, and G show darkfield images of the sections shown in A, D, and F respectively. C and H show darkfield views of sections consecutive to those shown in A and F hybridised with the MUC3 sense negative control probe, and equivalent results were seen with the MUC3 sense negative control for the 17 week small intestine shown in D and E (not shown). The size bar shown in A corresponds to 200 µm in A-C and F-H and 100 µm in D and E.
MUC7: ACACCACAGCTGCCCCACC-CACACCTTCTGCAACTACACCAGCTC-CACCATCTTC CTCAGCTCCACCAGA-GACC (bases 587-660; EMBL accession number L13283).
MUC8: CCGGGTTCATGAGCTGCC-CACGCCCTTTCCAGGAAGGGACCCC-GGGTTCACGAGC TGCCCACGTCCT-CTCCAGG (bases 35-109; EMBL accession number U14383).
Each oligonucleotide carried additional bases to enable direct cloning into the BamHI and HindIII sites of pBluescript SK. Antisense and sense probes were generated from the T7 and T3 promoters respectively. An additional probe for MUC8 mRNA (pAM3-3) which includes bases 1-312 of the pAM1 clone 12 that encompasses part of the MUC8 tandem repeat was kindly provided by Dr G Sachdev. Purified probes were diluted to 5×10 6 -2×10 7 cpm/ml in a hybridisation solution containing formamide (final concentration 60-65%), 1 × Denhardt's solution, 10% dextran sulphate, 0.5 mg/ml RNase-free tRNA and 10 mM dithiothreitol.
Tissue sections were digested with 10 µg/ml proteinase K for 2 min at 37°C, then treated with 25 mM acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10 min at room temperature; they were then briefly rinsed in 2 × SSC (where 1 × SSC is 0.15 M NaCl/0.015 M sodium citrate) before dehydration through a graded ethanol series and air dried. As a control for non-specific binding of the antisense probe, some sections were treated with 20 µg/ml RNase A for 15 min at room temperature before incubation with proteinase K.
Hybridisation was carried out overnight at 55-60°C. After hybridisation, slides were washed four times in 4 × SSC at room temperature and digested with RNase A for 30 min at 37°C. Sections were washed at a final stringency of 0.1 × SSC at 60°C or 70°C for 30 min and dehydrated. Slides were exposed to Kodak Nuclear Tracking (NTB-2) liquid emulsion for 10-14 days at 4°C. The slides were developed, fixed, and counterstained with haematoxylin and eosin.
Results
Mucin gene expression was analysed at 13 weeks, 17/18 weeks, and 23 weeks of gestation and in adult colon and small intestine. Data presented here are from two fetuses at 13 weeks, two at 17/18 weeks, and one at 23 weeks. Other fetuses of the same ages have been examined for mucin gene expression and there was no significant variation in the patterns between diVerent fetuses of the same gestational age.
MUC3
Abundant MUC3 mRNA was expressed in most cells in the villus epithelium of the small intestine, although not in the crypts. MUC3 transcripts were also detected at lower levels in epithelial cells at the tips of colonic villi from 13 weeks of gestation through to term. In  fig 1, expression of MUC3 mRNA is shown in 13 week (panels A-C) and 17 week (panels D and E) small intestine and 17 week colon (panels F-H). In adult intestine (not shown), abundant MUC3 transcripts were seen in most cells in the villus epithelium of the small intestine with substantially lower levels in colonic epithelium. MUC3 transcripts were seen in most epithelial cells lining the main pancreatic duct at 13 weeks, although not later in gestation. No MUC3 mRNA was detected elsewhere in the pancreas at any gestational age or in the stomach. 
MUC4
MUC4 transcripts were detected at low and decreasing levels in the colonic epithelium from 13 weeks through to 23 weeks of gestation (data not shown). MUC4 mRNA was not detected in the small intestine, pancreas, or stomach at any gestational age, nor was it seen in adult ileum or colon.
MUC5AC
Low levels of MUC5AC expression were detected in the colonic epithelium at 17 weeks of gestation (fig 2) but MUC5AC transcripts were not seen elsewhere in the small intestine or colon during the mid-trimester nor were they detected in the pancreas.
In the stomach, high levels of MUC5AC mRNA were observed at 23 weeks gestation in the surface mucous cells of the epithelium, but MUC5AC transcripts were absent from neck mucous cells (fig 3D-F) . MUC5AC transcripts were not detected in adult ileum or colon.
MUC5B
No MUC5B expression was detected in any part of the gastrointestinal tract during gestation, although the MUC5B probe was effective at detecting MUC5B mRNA in adult colon (not shown) and has been shown to detect MUC5B mRNA in airway submucosal glands.
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MUC6
MUC6 transcripts were detected at very low levels in the small intestine from 13 weeks of gestation onwards (data not shown) and at high
Figure 3 Expression of MUC5AC (D-F) and MUC6 (A-C) mRNA in 23 week stomach. D and A show a brightfield view of a section hybridised with the MUC5AC and MUC6 antisense probes respectively and E and B show darkfield images of the same respective sections. F and C show darkfield views of consecutive sections hybridised with the MUC5AC and MUC6 sense negative control probes respectively. The silver grains generated by probe hybridisation to the MUC6 mRNA appear as black dots in the bright field pictures and white dots in the dark field view. The size bar shown in A corresponds to 200 µm for all panels.
levels in the neck mucous cells of the stomach at 23 weeks (fig 3A-C) . No MUC6 mRNA was detected in the surface mucous cells of the stomach epithelium in contrast with MUC5AC mRNA. MUC6 mRNA was not present in the colon at any gestational age examined.
In the pancreas MUC6 mRNA was expressed at high levels from 13 weeks onwards in the epithelium of small ducts and in developing acini (fig 4) . Later in gestation the distribution of MUC6 transcripts followed the developing pancreatic ducts with expression in the epithelium of small ducts, centroacinar cells, and acini (data not shown). MUC6 transcripts were absent from the epithelium of adult ileum and colon.
MUC7 AND MUC8 MUC7 and MUC8 transcripts were not detected in any parts of the developing gastrointestinal tract that we have examined at any gestational age. The MUC7 probe was shown to be eVective at detecting MUC7 mRNA in airway submucosal glands. 19 However, owing to the failure to detect MUC8 transcripts in adult lung with two probes for MUC8, 19 we are uncertain whether the level of expression of this mucin in any epithelial cells is too low to be detected by the in situ hybridisation technique.
All negative data for MUC3-MUC6 reported above are genuine observations as (a) positive results were obtained from the same tissues on adjacent sections hybridised with other probes and (b) all probes gave positive results on some of the tissues examined.
19 Table 1 gives a summary of the developmental expression of mucins in human gastrointestinal tissue.
Discussion
The developmental expression of mucin genes is of importance in the context of neonatal diseases of the digestive system. We have previously examined the expression of MUC1 and MUC2 in human development.
14 MUC1 expression commenced relatively late in gestation, at 16 weeks in the colonic crypts and in the third trimester in large interlobular pancreatic ducts where it was seen in most of the cells in the epithelium. MUC2 expression was detected at high levels from 12 weeks of gestation but was restricted to goblet cells in the jejunum, ileum, and colon. 
MUC3, MUC4, and MUC5AC are expressed in most epithelial cells in the tissues where transcripts were found. In the stomach MUC5AC mRNA is found in surface mucous cells and MUC6 mRNA in the neck mucous cells. Stomach tissue was not available from 13 and 17 week old fetuses.
We have now shown that in addition to MUC2, MUC3 is expressed from 13 weeks of gestation in the epithelium of the small intestine, although the cell-specific pattern of expression of the two genes is diVerent. MUC2 transcripts were restricted to goblet cells in the crypt and villus epithelium. MUC3 transcripts were detected in most cells in the villus epithelium but were not seen in the crypts. MUC3 transcripts were also seen in the colon from 13 weeks of gestation but were restricted to the tips of the colonic villi. MUC4 expression was seen at low levels throughout the colonic epithelium from 13 weeks of gestation onwards, with decreasing levels through to term. Low levels of MUC6 mRNA were seen in the small intestine but not in the colon from 13 weeks gestation through to 23 weeks.
MUC3 expression in the epithelium of the main pancreatic duct was restricted to low levels at 13 weeks of gestation, although MUC6 transcripts were detected from 13 weeks onwards throughout the pancreatic duct system in small interlobular and intralobular ducts and in developing acini.
In the stomach, high levels of MUC5AC and MUC6 mRNA were seen at 23 weeks, although the two genes had distinct cellular expression patterns. MUC5AC expression was restricted to surface mucous cells while MUC6 expression was seen only in neck mucous cells. This diVerential distribution is likely to reflect the functional diVerences in these two parts of the epithelium.
Our data show some diVerences between expression of intestinal mucins in utero and patterns of expression in adult ileum and colon-for example, the expression of MUC4 mRNA in colonic epithelium during the mid-trimester but not in adult colon and the transient expression of MUC5AC in goblet cells in 17 week colon. However, in general the patterns of expression of MUC3-MUC8 in mid-trimester human fetal tissues correspond to those seen in this study and by others [15] [16] [17] in adult tissues. DiVerences between published studies of adult mucin gene expression can largely be accounted for by the use of in situ hybridisation or immunocytochemistry as a detection method, with the potential of the latter for false positive results because of antibody cross reactivity.
The involvement of mucins in the pathology of cystic fibrosis is well established and hence it is relevant to compare the developmental expression of the cystic fibrosis transmembrane conductance regulator gene (CFTR) with the expression patterns of the diVerent mucin genes during human gestation. The aim of this comparison is to establish which mucins may be involved in the pathological changes that occur in diVerent organs in cystic fibrosis in utero. We have previously examined the expression of CFTR during human development. 18 In the small intestine and colon, CFTR mRNA is detected from 12 weeks of gestation through to term but is restricted to the crypt epithelium and a few isolated cells of unknown function within the villous epithelium. This is in contrast with MUC2 and MUC3 transcripts, which, although they are present in abundance at the same developmental age, are in the case of MUC2 restricted to goblet cells in the crypt and villous epithelium, while MUC3 is expressed throughout the villous epithelium. MUC4 and MUC5AC mRNAs when they are detected in the fetal intestine do not specifically localise to the cells that express CFTR. These data provide additional evidence to support the hypothesis that mucin abnormalities in cystic fibrosis arise as the result of extracellular events caused by the lack of expression of a functional CFTR cAMP-activated chloride ion channel within the intestinal epithelium.
It is of interest in the context of cystic fibrosis, where 15% of babies are born with the complication of meconium ileus, and in other bowel obstruction syndromes of the perinatal period, that several mucin genes including MUC2, MUC3, MUC4, and MUC6 are transcribed from the start of the mid-trimester of gestation, and possibly even earlier. This provides ample time during fetal development for mucin related problems to develop. The observations in the intestine are in contrast with the developmental expression of mucins in the lung, where few mucin genes are transcribed until relatively late in gestation. 19 This may in part account for the severe intestinal disease that often accompanies cystic fibrosis at birth in the absence of substantial lung pathology.
